Resonance excitation profiles of the high-frequency peaks in the Raman spectra of single-walled carbon nanotubes normalized to the scattering intensity of CaF 2 are presented. We find separate resonances of metallic and semiconducting tubes throughout the visible and the near-IR excitation range. The resonance shift of samples with different mean diameters confirm the inverse proportionality of the resonant transition energy to the tube diameter. Smaller diameter tubes are found to have sharper resonances than larger tubes due to a 1/d 2 dependence of the Raman cross section.
I. INTRODUCTION
Resonance Raman spectroscopy has affirmed itself as a powerful method for studying electronic transitions in semiconductors. Recently it has been applied to the investigation of the vibrational and electronic properties of carbon nanotubes. The sensitivity of the Raman cross section to the nanotube band structure is enhanced by the electronic onedimensional ͑1D͒ quantum confinement as k vectors can take continuous values only in axial direction. 1, 2 The resonant scattering processes originate from the corresponding 1D singularities in the electronic density of states with an energy gap, which is inversely proportional to the diameter and depends on the tube symmetry. 3, 4 The diameter dependence of the scattering intensity was established experimentally through comparative Raman measurements on graphite, multiwalled and single-walled nanotubes. 5 There are two main vibrational bands in the Raman spectrum of a carbon nanotube: a low-energy mode at 150-200 cm Ϫ1 , which arises from a radial breathinglike vibration with a strong van der Waals intertube contribution, 6, 7 and a high-energy mode ͑HEM͒ at Ϸ1600 cm Ϫ1 with a displacement pattern derived from the E 2g bond-stretching mode of graphite. The relative intensity of the individual HEM peaks changes dramatically [8] [9] [10] when varying the excitation energy in the range 1.5 eVрប l р2.2 eV compared to energies outside this range. The main peaks broaden and strong lines appear on the low-energy side of the HEM band. This behavior was attributed to a resonant enhancement of metallic nanotubes in the samples over semiconducting tubes. 4, 9, 10 In an attempt to determine the excitation profile of this resonance Pimenta et al. 11 recently normalized their spectra to the intensity of the HEM peak at 1592 cm Ϫ1 , a procedure valid only in the absence of an excitation-energy dependence of this peak in semiconducting nanotubes. However, as we show in this contribution, the 1592-cm Ϫ1 peak is resonant at energies corresponding to transitions in semiconducting tubes. We determine experimentally these energies by measuring the scattering efficiencies normalized to a reference material (CaF 2 ) with a known Raman efficiency. In addition, we confirm the predicted inverse diameter dependence of the allowed electronic transitions for both semiconducting and metallic tubes. Our measurements provide an opportunity to determine the tight-binding parameter ␥ 0 ͑nearest-neighbor electronic overlap integral͒ for two different mean-diameter tubes from the resonance profiles in the Raman spectra.
II. EXPERIMENT
The carbon nanotubes used in the present study were produced by the arc-discharge method. A mixture of metallic catalysts ͑Ni and Y͒ and graphite provided the growth of high-density single-walled nanotubes ͑SWNT͒, which are organized in ropes with a triangular lattice structure. 12 For the investigation of diameter-dependent electronic effects we selected two samples with different mean values of the tube diameter. From transmission electron microscopy ͑TEM͒ images the majority of SWNT diameters d was found to be 1.1-1.5 nm and 1.2-1.7 nm in the two samples, following a Gaussian-like distribution with mean values d 0 ϭ1.3 nm and 1.45 nm and a halfwidth of about 0.1 nm.
Recent nanodiffraction measurements 13 showed that ropes of SWNT prepared under the same conditions as ours consist of tubes of uniform diameter but different chiral angles, in agreement with the scanning tunneling microscopy ͑STM͒ results.
14 Since tube chirality within a given tube category ͑metallic or semiconducting͒ does not have a strong influence on the electronic density of states we neglect effects of chirality in what follows. 3 The Raman spectra were recorded on a Dilor XY 800 spectrometer equipped with a liquid-nitrogen-cooled chargecoupled device ͑CCD͒. An Ar ϩ /Kr ϩ -ion gas laser and a Titan sapphire laser were used for excitation energies between 1.59 and 2.55 eV and an excitation intensity below 500 W/cm 2 . The measurements were performed at room temperature in backscattering geometry. Each spectrum was recorded after carefully maximizing the scattering intensity and calibrated by the Raman intensity of the optical mode of CaF 2 recorded under the same experimental conditions. We fitted our Raman spectra with three peaks, implying that each peak actually corresponds to an envelope over a series of lines arising from different nanotubes with slightly differing frequencies. The optical properties of CaF 2 are constant over the examined energy range ͑1.59-2.55 eV͒; 15 a necessary correction to determine the resonant excitation profiles is to account for the varying optical penetration depth of the nanotube sample ␦( l(s) ) for the incident ͑scattered͒ light that determines the scattering volume. From optical measurements 4 we found ␦( l ) to decrease approximately by a factor of 2 with ␦( l )Ϸ␦( s ) when variing the excitation energy from 1.6 to 2.6 eV. This normalization was performed for the two peaks at 1550 cm Ϫ1 and 1592 cm Ϫ1 , the former being characteristic of metallic tubes, the latter of semiconducting tubes.
III. RESULTS AND DISCUSSION
Raman spectra of the high-energy modes in both samples at three different excitation energies are shown in Fig. 1 . For excitation energies above the metallic resonance the Raman spectra of the two samples look similar as they do below the metallic resonance ͑two lowest and uppermost traces in Fig.  1͒ . The strongest peak at these excitation energies is at 1592 cm Ϫ1 in both samples, while the one at 1571 cm Ϫ1 ͑1.45-nm sample͒ is shifted slightly to higher frequencies in the 1.3-nm sample ͑curves with ប l ϭ2.18 eV). At an excitation energy of 1.92 eV we find the metallic resonance; for the smaller mean-diameter tubes the metallic peak at 1550 cm Ϫ1 is enhanced more than that for the larger one. Within the metallic resonance the phonon modes of the 1.3-nm sample are at lower frequencies compared to the 1.4-nm sample. This is best seen for the 1550 cm Ϫ1 mode, which is at 1546 cm Ϫ1 and 1551 cm Ϫ1 for the smaller-and larger-diameter SWNT samples, respectively. This frequency shift was explained by Kasuya et al. as a result of different mean diameters in the zone-folding approximation. 5 We fitted the HEM band with three peaks as shown in the inset of Fig. 1 ; the normalized integrated intensities of the 1592-and 1550-cm Ϫ1 peaks for all excitation energies are summarized in Fig. 2 .
The resonance energies E ii of a particular SWNT are determined by transitions v i →c i from a singularity in the ith valence band to a singularity in the ith conduction band. 16 The transitions v i →c j with i j occur with a much smaller probability for symmetry reasons, 16 and are neglected in the following treatment. Typical semiconducting SWNT's have three pairs of such singularities within Ϯ1.5 eV of the Fermi level 17 separated by about 0.5-0.7 eV. Metallic nanotubes exhibit only one pair of spikes in this energy range with a gap of 1.5-2.2 eV accounting for the metallic resonance. These transitions were confirmed by combined scanning tunneling microscopy and spectroscopy ͑STM and STS͒. 14, 18 In particular, the separation of the first pair of singularities for metallic SWNT's with diameters 1.2-1.4 nm was found to be 1.7-2.0 eV.
For a particular nanotube the transition energies E ii not too far from the Fermi level may be expressed as E ii ϭ2ia 0 ␥ 0 /d for semiconducting (iϭ1,2,4,5, . . . ) and metallic (iϭ3,6, . . . ) tubes. 3 Here a 0 ϭ0.142 nm is the nearestneighbor distance of the C atoms and ␥ 0 the nearestneighbor electronic overlap integral. The ␥ 0 values reported range from 2.5 eV as used in ab initio calculations 19 to 3.14 eV as obtained for 3D graphite.
2 STM experiments 18 yield 2.7 eV and resonance Raman experiments 11 2.95 eV. A typical diameter distribution will result in quasicontinua of electronic transitions for both semiconducting and metallic SWNT's.
We calculate the resonance Raman profile by considering the matrix element K(ប l ) of the Raman process according 
where l,s are the frequencies of the incident ͑scattered͒ light, i, j are the frequencies of the resonant electronic transitions with matrix elements M i, j ,␥ i is the damping factor of the ith transition, H i j is the electron-phonon Hamiltonian matrix element, and the summation is over all possible direct transitions, which we may convert into an integral over the joint density of states. The universal expression for the joint density of states of nanotubes of Mintmire and White 19 has an explicit inverse proportionality to diameter. For every E уE ii there is a contribution i (E)ϭa 0 E/d␥ 0 ͱE 2 ϪE ii 2 , the quantum confinement becoming enhanced for smallerdiameter tubes. As the phonon energy is large compared to the width of the peaks in the electronic density of states, we consider incoming and outgoing resonances according to
where ប ph is a phonon energy, and where we have assumed, as is usually done, that the matrix elements are constant and the damping factor is the same for both transitions. In order to keep the problem tractable, we approximate the square-root singularities by a ␦ function and obtain for each
͑3͒
where E c ӷE ii is a cutoff energy and ប ph ϭ0.199 eV and 0.194 eV in the semiconducting and metallic tubes, respectively.
The Raman intensity of a particular nanotube due to the electronic transitions E ii is proportional to the absolute square of the matrix element, and we average over the Gaussian-like distribution of diameters in our sample to obtain the contribution of each transition to the Raman signal. The index i labels again the transitions in semiconducting (iϭ1,2,4,5, . . . ) and metallic (iϭ3,6, . . . ) tubes:
where A is a normalization factor. Equation ͑4͒ differs from that used by Pimenta et al. 11 in the weighting factor d Ϫ2 , which comes from the the universal joint density of states. Our expression thus properly accounts for the stronger resonant enhancement of tubes with smaller diameter. Figure 2 displays the experimental results together with the calculated resonance profile where we summed Eq. ͑4͒ over diameters within Ϯ2 of d 0 and, for the semiconducting tubes, over the index i. The diameter enters Eq. ͑4͒ explicitly and through the diameter dependence of the transition energies E ii . We find the metallic resonance with a maximum at Ϸ1.9 and 1.8 eV for the 1.3-and 1.45-nm diameter sample, respectively. The ␥ 0 values from the fit differ somewhat; ␥ 0 ϭ2.73 eV and ␥ 0 ϭ2.9 eV for the two diameters. The corresponding transition energies of the meandiameter tube are E 33 ϭ6a 0 ␥ 0 /d 0 ϭ1.80 eV and 1.70 eV and indicated as solid arrows in Fig. 2 . The apparent shift between the maxima and the transition energy E ii of the meandiameter tube is a direct consequence of the 1/d 2 enhancement of the Raman signal by smaller-diameter tubes ͓Eq. ͑4͔͒. The semiconducting resonance maxima are outside our excitation range; E ii as determined from the best-fit values of ␥ 0 are E 22 ϭ1.3 eV and E 44 ϭ2.6 eV (d 0 ϭ1.3 nm) and E 22 ϭ1.2 eV and E 44 ϭ2.4 eV (d 0 ϭ1.45 nm) ͑open arrows in Fig. 2͒ . The rising edges of the fit describe our data well. The broadening parameter determined from our fit is ប␥ ϭ30 meV and somewhat larger than that previously reported ͓20 meV ͑Refs. 11 and 21͔͒. The results are summarized in Table I .
IV. CONCLUSIONS
Three main conclusions follow from our normalized resonant Raman spectra of semiconducting and metallic SWNT's: ͑1͒ We identify the resonances E 22 and E 44 of semiconducting nanotubes in addition to E 33 in metallic tubes, rendering it improper to internally normalize the me- The experimentally determined semiconducting and metallic resonance energies show an inverse-diameter dependence, as expected theoretically. ͑3͒ In accordance with the 1/d 2 resonance enhancement ͓Eq. ͑4͔͒ the smaller-tube resonance is stronger and sharper than that of the larger tube, and E ii is at lower energies than the maxima in the resonance profiles.
